ABSTRACT -Traumatic brain injury (TBI) is caused by brain deformations resulting in the pathophysiological activation of cellular cascades which produce delayed cell damage and death. Understanding the consequences of mechanical injuries on living brain tissue continues to be a significant challenge. We have developed a reproducible tissue culture model of TBI which employs organotypic brain slice cultures to study the relationship between mechanical stimuli and the resultant biological response of living brain tissue. The device allows for the independent control of tissue strain (up to 100%) and strain rate (up to 150 s -1 ) so that tolerance criteria at the tissue level can be developed for the interpretation of computational simulations. The application of texture correlation image analysis algorithms to high speed video of the dynamic deformation allows for the direct calculation of substrate strain and strain rate which was found to be equi-biaxial and independent of radial position. Precisely controlled, mechanical injuries were applied to organotypic hippocampal slice cultures, and resultant cell death was quantified. Cell death was found to be dependent on both strain magnitude and rate and required several days to develop. An immunohistological examination of injured cultures with antibodies to amyloid precursor protein revealed the presence of traumatic axonal injury, suggesting that the model closely replicates in vivo TBI but with advantages gained in vitro. We anticipate that a combined in vitro approach with optical strain mapping will provide a more detailed understanding of the dependence of brain cell injury and death on strain and strain rate.
INTRODUCTION
TBI is a major health concern in the U.S. population which results in approximately 56,000 deaths and 83,000 disabled persons every year (Sosin et al., 1996; Sosin et al., 1995) . Half of these injuries are the result of motor vehicle accidents (Sosin et al., 1996; Sosin et al., 1995) . No treatments exist for the head injured patient which target the underlying pathophysiology to prevent the progression of intracellular cascades toward cell death (Faden, 2002) . This lack of a therapeutic option highlights the need for continued research into the mechanisms of mechano-transduction, especially after traumatic loading, so that new molecular targets can be discovered.
This lack further highlights the importance of strategies and equipment to prevent TBI from occurring in the first place, such as improved vehicular occupant protection systems.
However the development of tolerance criteria which may be universally applied to different loading conditions via finite element modeling has remained difficult.
TBI is hypothesized to result from brain tissue deformations in excess of 10% at rates greater than 10 s -1 (Margulies et al., 1990; Meaney and Thibault, 1990; Margulies and Thibault, 1992; Meaney et al., 1995) , but the quantitative relationship between cellular injury and tissue strain and strain rate has not been determined. Brain is a viscoelastic material (Brands et al., 2000; Prange and Margulies, 2002) . Similarly, its biological response to trauma may be dependent on the dynamic properties of that stimulus. The control of injury severity in in vivo models of TBI for the development of tolerance criteria is difficult, and consequently, in vitro models of TBI have been adopted (Morrison III et al., 1998b) . Previous studies using in vitro models of TBI have measured various cellular responses including death (Ellis et al., 1995; Pike et al., 2000; Lusardi et al., 2003) , increases in intracellular calcium (LaPlaca et al., 1997; Rzigalinski et al., 1998; Lusardi et al., 2003; Geddes and Cargill, 2001) , and changes in gene expression (Morrison III et al., 2000a; Morrison III et al., 2000b) . These studies suggest that the biomechanics of a head injury will dictate which intracellular pathways are activated posttraumatically, and ultimately, the functional consequences of the trauma.
The motivating hypothesis for this study was that the biological response of living brain tissue to a precisely controlled mechanical stimulus would be dependent on its mechanical parameters, specifically strain and strain rate. However, understanding the consequences of mechanical injuries on living brain tissue continues to be a significant challenge. To bridge this apparent knowledge gap, we have developed an in vitro model of traumatic brain injury which incorporates a complex, organotypic brain slice culture to mimic, as closely as possible in vitro, the complex structure of the brain in vivo. The tissue was injured by the precisely controlled displacement of the culture substrate over a hollow, cylindrical, indenter inducing an equi-biaxial stretch.
The relative motion of the indenter was under feedback control, allowing for the independent control of strain and strain rate. A detailed tolerance criterion for cell death, measured with a fluorescent marker, was developed for substrate Lagrangian strains up to 0.50 applied at strain rates from 5 to 50 s -1 .
METHODS
The methods employed in this study included a technique for the long term culture of brain tissue on a deformable substrate, rapidly stretching that substrate to a defined magnitude at a defined rate to mimic the in vivo deformations during TBI, and assessing the long-term viability of cells within that tissue after mechanical loading.
A complex organotypic brain slice culture was chosen to increase the fidelity of the in vitro response to that of the brain in vivo. An injury device was developed to precisely control the applied mechanical load, thereby enhancing the reproducibility of the model. The induced substrate strain was verified with high speed imaging of the dynamic deformation. The biological response of the tissue was assessed for cell death with the fluorescent marker propidium iodide, and for traumatic axonal injury with antibodies to amyloid precursor protein.
Organotypic Brain Slice Cultures
The hippocampus is a region of the brain that is particularly susceptible to post-traumatic cell death (Hicks et al., 1996; Smith et al., 1997) . It is involved in learning and memory, and damage to it may be responsible for post-traumatic cognitive and memory impairments even after mild injuries. In addition, organotypic brian slice cultures of the hippocampus have been used extensively in the study of the brain and are well characterized (Stoppini et al., 1991) . For these reasons, hippocampal cultures were chosen for this study. The major anatomical landmarks of the hippocampus in vivo and in culture are shown in 
FIGURE 1
On the left is a histological section of the in vivo hippocampus stained with cresyl violet to highlight neuronal cell bodies (Paxinos and Watson, 1998) . On the right is an unstained hippocampal culture after two weeks in vitro demonstrating a well preserved and similar morphology. Major anatomical structures are highlighted: CA1 and CA3 pyramidal cell layers; H, hilus; DG, dentate gyrus; S, subiculum.
Methods for growing organotypic hippocampal slice cultures on silicone membranes have been previously published (Morrison III et al., 2000a; Morrison III et al., 2000b) . In brief, the brain of an 8-11 day old Wistar rat was removed aseptically 1 . The hippocampi were dissected and sliced into 415µm sections on a McIlwain Tissue Chopper (Brinkman, NY). Slices were then transferred to the center of silicone membranes in custom stainless steel wells pretreated with a solution of 320µg/ml poly-L-lysine (Sigma, MO) and 80µg/ml laminin (Sigma). Cultures were fed with NeuroBasal medium with B-27 supplement (Invitrogen, CA), 1mM glutamine (Sigma) and 0.45% glucose. After 2 days in vitro, the medium was changed to serum containing medium consisting of 25% heat-inactivated horse serum, 25% Hank's balanced salt solution (HBSS) and 50% minimum essential medium with added Earle's salts (MEM, 1 All animal welfare guidelines were strictly adhered to and all procedures received prior approval from the appropriate governing body: Home Office (UK).
ICN Biomedicals) supplemented with 1 mM glutamine and 0.45% glucose. Medium was changed three times per week. Cultures were rocked at 1 RPM to ensure adequate gas exchange and maintained for 2 weeks in vitro before use. At the time of experimentation, cultures were approximately in the shape of a circular disk 4mm in diameter and 0.2mm thick.
Injury device
Living cultures of brain tissue were injured by the dynamic deformation of the underlying substrate. In particular, the silicone membrane (0.25mm, Specialty Manufacturing, MI) was held in place by a circular clamp and displaced over a fixed, hollow, circular indenter, thereby generating an equi-biaxial strain field. Such an arrangement also offered the benefit of maintaining the cultured tissue in a single plane of focus allowing for visualization during the mechanical stimulus (FIGURE 2).
Motion of the clamped membrane was generated by a linear actuator (BEI Kimco, CA) under feedback control via a linear encoder (Renishaw, IL, 10µm resolution) and motion control board (Precision Motion Dynamics, Canada) (FIGURE 3). The linear encoder measured the relative, perpendicular displacement between the indenter and the platform on which the well / membrane combination was clamped. The output of the motion control board was updated at 5kHz to drive a 2.5kW four quadrant servo amplifier (Zahn Electronics, WI) energized by a 2.5kW DC power supply (Lambda, NJ). The device was also designed to maintain the tissue at 37°C in a sterile environment.
For a typical experiment, relative indenter displacement, velocity, and dwell time were independently specified via a graphical user interface to the motion control board.
Both set point parameters as well as actual parameters of the motion were acquired during the indenter excursion at a sampling rate of 5kHz. The maximum and root mean square error between the desired and actual motion of the indenter was calculated to determine how precisely the motion was controlled. In addition, the root mean square error between the desired and actual velocity was also calculated. A total of three separate excursions were captured at each displacement / velocity combination indicated below.
A geometric analysis of the indenter-membrane interaction was performed to predict the relationship between indenter displacement and membrane Lagrangian strain as shown in 
Verification of Membrane Strain
High speed video images of the membrane undergoing dynamic deformations, without an adherent culture, were acquired with a high speed digital video camera (Motion Pro 2000, DEL Imaging, CT). Images were acquired at 1280 X 512 pixels at 8 bit monochrome resolution at 1000 frames per second with the electronic shutter set to 0.5 ms to avoid image blur. Videos of deformations of three membranes as specified in TABLE 1 were acquired for analysis of the dynamic strain field over a central portion of the clamped membrane. The strain field was verified for only levels close to the maximum deformations used in this study as discrepancies in the strain field would be readily evident at this strain. The deformation of an object can be measured by tracking the relative displacement of fiduciary markers on its surface. This process is usually undertaken manually and is labor intensive. In contrast, we have employed the Digital Image Correlation (DIC) technique of Wang et al. (2002) . This technique employs texture matching algorithms to match the random surface patterns of an object from images taken before and after a deformation. Such an approach increases the spatial resolution of the calculated deformations. By recording the trajectory of each point of the pattern, the displacement gradient can be determined, from which, strains are calculated. Strain rates were calculated b y analyzing a series of incremental images acquired with the high speed video and taking into account the frame rate.
The trajectory of a particular point was determined by maximizing the correlation of a region around that point in the un-deformed or initial image with another region in the deformed or next image. The degree of matching between the two regions was determined by maximizing the normalized correlation coefficient ρ between pixel values in the two images where F(x,y) and G(x',y') are pixel intensities at coordinate (x,y) in the reference and deformed images, respectively and N and M are the template dimensions around the point of interest.
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The displacement in the x and y direction, u and v respectively, can be calculated as given where ∆x and ∆y are the distance from the center of the template to the point (x,y). A template size of 20 x 20 pixels was chosen based on previous work with this technique (Wang et al., 2002) . The gradient terms indicate that the image can be translated, rotated, stretched, compressed, or sheared (Wang et al., 2002) .
When the displacement between image pairs was small, such as at the beginning or end of the indenter excursion, the accuracy of the method was improved by fitting a continuous smoothing function to the displacement fields u and v. The method employed a thin-plate spline smoothing approach with the degree of smoothing automatically optimized by generalized cross validation (Wang et al., 2002) .
Incremental displacements calculated from image pairs were then combined to generate cumulative displacement fields. To do so, a grid of virtual fiduciary markers was applied to the initial image, and the trajectory of individual points calculated over time.
Once the displacement field (u,v) for each location (x,y) was determined, the Lagrangian strain tensor E was calculated for each of the virtual markers. 
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The spatial homogeneity of the strain field was determined by calculating the mean and standard deviation of the strain components within each image. Ensuring that the cultured tissue receives a homogenous mechanical stimulus simplifies interpretation of the biological results. These means and standard deviations were then plotted versus time for comparison to the desired strain history. A total of three membranes were assessed for each trial in 
Prediction of Strain within a Slice
Finite element (FE) simulations (ABAQUS, Hibbit, Karlson, and Sorenson, Inc., RI) were used to predict the finite strain field through the volume of a stretched culture. The tissue was modeled through the thickness as an axi-symmetric solid with a radius of 2mm and a thickness of 0.2mm, approximating the geometry of a culture. The material property was assumed to be linearly elastic and nearly incompressible (Young's modulus = 0.01MPa, Poisson's ratio = 0.4999). The top and outer edge remained traction free. Loading was accomplished by imposing displacements to the bottom nodes to simulate Lagrangian strains of 0.10, 0.20, and 0.50. The volume of the tissue experiencing >90% of the substrate strain was calculated from the simulation output at the integration points of each element, taking into account its radial position.
Organotypic Brain Slice Culture Injury
Before injury, the medium covering the cultures was removed. The culture was clamped on the device and subjected to a mechanical stimulus of the prescribed strain at the prescribed strain rate. Lagrangian strains were calculated from i ndenter displacement with Equation 1 and an empirically determined correction factor for friction (0.9*d) between the membrane and the indenter. Care was taken to ensure that the sterility of the culture was maintained during the experiment, and only cultures adhered to the center of the membrane were injured. Uninjured control cultures were placed on the device, but the device was not activated. Each group contained 8 -12 cultures.
Cell Death Assessment
Cell damage was quantified using published methods (Morrison III et al., 2002) . Different models of neurodegeneration affect different regions of the hippocampus to varying degrees; therefore, cell damage was measured in a region specific manner. Before injury, a transmission image of the culture was captured for later analysis. Before injury as well as at the indicated time points after injury, cultures were incubated in 5µg/ml of propidium iodide (PI, Molecular Probes, OR) in serum free media (SFM, 75% MEM, 25% HBSS with 1mM glutamine and 4.5% glucose) for 30 minutes in the dark and then imaged on a Leica DM-IRBE microscope fitted with a 100W Hg bulb and standard rhodamine optics. Images were acquired with a 5X NA 0.12 lens and a cooled Hamamatsu digital camera, and digitized at 12 bit resolution for analysis in Open Lab 2.1 (Improvision, MA). To quantify cell damage, the area of PI staining above a threshold level in an anatomical region (CA1 or CA3) was measured and then normalized to the area of that region measured before injury from the transmission image. Cell damage was expressed as a percentage, and injured groups were compared to uninjured control groups with Student's t-test. Significance was set at p <0.05. Each group consisted of 8-16 cultures.
Immunohistological Damage Assessment
Axons are vulnerable to a type of mechanical injury termed traumatic axonal injury (Singleton et al., 2002) which can be visualized with antibodies to amyloid precursor protein (APP). This morphological hallmark of TBI has been documented in multiple species, including man (Smith et al., 1999a; Bain and Meaney, 2000) . To demonstrate that morphological damage similar to in vivo TBI could be induced, four cultures from each of the following four groups was assessed for APP staining: control; E = 0.50 E' = 10 s -1 , 20 s -1
, 50 s -1
. As the intent of this study was not to develop a tolerance criterion for APP staining, but to verify its induction, only groups stimulated at E = 0.50 were chosen for this analysis.
After the final time point of PI assessment, cultures were fixed on the membranes for 2 days in 4% paraformaldehyde in phosphate buffered saline before they were carefully removed with a fine brush. The antibody used for the APP staining (Zymed, CA, cat. no. 51-2700) was raised against the C-terminus of the peptide and used at a 1:200 dilution. Cultures were rinsed 3X in Tris-buffered saline (TBS) and then incubated in 10mM citrate buffer (pH 6.0) at 37°C for 1h. Cultures were blocked in 5% goat serum in TBS with 0.3% Triton (Sigma) before incubation in the primary antibody for 24h at 4°C. Cultures were rinsed 3X in TBS before incubation in Cy3 conjugated anti-rabbit secondary antibody (1:200, Jackson ImmunoResearch Labs, PA) for 1h. Cultures were again rinsed 3X in TBS, mounted in aqueous medium, and imaged on a Zeiss LSM 510 Meta confocal microscope.
RESULTS
Long term organotypic slice cultures of the hippocampus demonstrated well preserved morphology which was similar to the in vivo morphology of the hippocampus. The pyramidal cell layers were well-defined with both CA1 and CA3 subfields evident. In addition, the dentate gyrus was well preserved (FIGURE 1 and FIGURE 9 ). These long-term cultures were also electrophysiologically active and generated both spontaneous and evoked potentials (data not shown).
The injury device was capable of accurately controlling the excursion of the clamped membrane over the indenter. Data captured from two different excursions are shown in FIGURE 5 and demonstrate that the velocity and displacement of the indenter excursion can be prescribed independently o f one another. The accuracy and reproducibility of these excursions was quantified in TABLE 2 for a total of three separate experiments at each of the indicated settings. At the highest velocity setting, which translated nominally to 150 s -1 strain rate, the maximum position error was only 350µm with a maximum root mean square error of 150µm. The root mean square error of the first derivative of the displacement over time was also quantified to measure the precision of the indenter velocity. The largest relative velocity error of 20% was found for the slowest excursions and a relative error of 7% for the fastest. Statistical comparisons of the displacements determined that the 6mm displacements were not significantly different from one another whereas the 12mm was significantly different (p < 0.05). Statistical comparisons of the velocities determined that all were statistically different from one another (p < 0.05) with the one exception of 480mm/s versus 600mm/s (p < 0.18). 
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A total of three membranes were deformed at two different excursion settings, and the deformations were captured with high speed video for the direct measurement of membrane strain. FIGURE 6 shows the maximum displacement field calculated over a set of virtual fiduciary markers for an excursion at 240 
Velocity (mm/s) .
Set Position Position Set Velocity Velocity mm/s for one of the membranes tested. All six displacement fields demonstrated a similar regular pattern. The strain field was verified for only one level close to the maximum deformation used in this study as discrepancies in the strain field would be readily evident at this strain.
The spatial Lagrangian strain fields (E xx , E yy , and E xy ) were calculated from the displacement field by Equation 4. The spatial strain fields were averaged and presented in FIGURE 7 as functions over time and compared to the set Lagrangian strain calculated from the measured indenter displacement and Equation 1 with an empirically determined correction factor for friction (0.9*d) between the membrane and the indenter.
The measured and predicted strains demonstrated excellent agreement with a maximum discrepancy of 0.05 Lagrangian strain. The measured strain field was found to be equi-biaxial (E xx = E yy , p > 0.05, maximum difference 0.011), without shear (E xy = 0.0001 ± 0.002; p > 0.05 not different from 0), and independent of location on the membrane as evidenced by the low standard deviation of each strain measurement.
Finite deformation FE simulations of the cultures were conducted to calculate the induced strain field through the thickness of the tissue. Results for an applied Lagrangian strain of 0.50 are presented in FIGURE 8. The volume of the tissue experiencing >90% of the substrate strain was calculated from the simulation output at the integration points of each element, taking into account its radial position. These results are presented in TABLE 3. these s tudies, it was assumed that the cultures experienced the full membrane strain and that no slipping occurred at the interface.
In future experiments, this assumption will be directly tested by measuring both tissue and substrate strains.
Initially after the mechanical stimulus, PI staining was not evident in the cultures, suggesting that the cells were not physically torn apart by the mechanical injury. PI staining increased over time, although the exact time course was dependent on stimulus parameters. PI staining was limited to the neuronal cell layers of the CA1 and CA3 pyramidal layers as well as the dentate gyrus, indicating that the neuronal cells were the most vulnerable to mechanical injury (FIGURE 9).
Cell injury was quantified after dynamic mechanical stretch and composite results from all cultures are presented in FIGURE 10 (n = 8-16 per group). The percentage of PI staining, the marker of cell injury, was plotted as a function of both substrate strain and strain rate with the degree of cell injury represented as the relative area of the individual circles. In the interests o f clarity, data from the CA1 and CA3 subfields of the hippocampus have been combined. The complete data set for the individual subfields is presented in TABLE 4 of the Appendix.
Dynamic mechanical stretch of the cultured tissue at certain injury parameters resulted in a statistically significant increase in cell death as shown in FIGURE 10. Mechanical stimuli of 0.05 and 0.10 Lagrangian strain did not induce significant PI staining regardless of the rate at which the stimulus was applied. Stimuli applied at 10 s -1 caused damage which was typically evident at 2d but dissipated by 4d . For stimuli applied at higher strain rates (20 and 50 s -1 ), damage was not evident at 2d post-injury but then developed by 4d after injury.
Immunohistochemistry for APP confirmed that the injury model reproduced the characteristic morphological hallmark of in vivo TBI. Traumatic axonal injury and APP staining was consistently evident in cultures after mechanical stimuli of 0.50 Lagrangian strain applied at the higher rates of 20 and 50 s -1 . Staining was present in all cultures of these two groups with representative sections shown in FIGURE 11. APP staining in control cultures was not present, whereas staining was weakly and variably present in cultures stimulated at 10 s -1 (data not shown).
DISCUSSION
We have described a new in vitro model of TBI which incorporates a complex tissue culture preparation, and which, we believe, mimics the in vivo, human situation very closely. The model is capable of mechanically stimulating living brain tissue with deformation parameters thought to be operant in human head injury. Because the stimulus is under active feedback control, injury severity (both magnitude and rate) was highly reproducible and precisely specified. Furthermore, the device can potentially generate very severe injuries of 1 .00 Lagrangian strain at rates of 150 s -1 so that the biological response to even the most severe accidents scenarios can be studied. The living brain tissue was subjected to a uniform and equi-biaxial strain field in an effort to minimize the variability of the biological response. The biological response of the organotypic brain slice cultures should more closely mimic the response of the brain in vivo than other culture preparations as evidenced by the presence of traumatic axonal injury and APP staining, although this supposition will need to be further vindicated with additional experiments.
A potential limitation of the injury model is that the cultured tissue may slip on the silicone membrane during injury and not experience the full substrate strain. However, because the cultured tissue remains in a plane of focus during the injury event, the dynamic tissue deformations can be captured with high speed video allowing for the direct calculation and verification of tissue strain. In a similar manner, any inhomogeneities of the tissue strain field will be evident and can be quantified and taken into account in subsequent analyses. In addition, due to the mechanism of loading, there are some edge effects which limit the volume of tissue (~65%) experiencing the full effect of the applied substrate strain. However, these edge effects could be put to use by examining the differential response of the tissue to different loads within a single culture. The hippocampus was chosen as the structure to culture in these studies because it may be more sensitive to post-traumatic damage than other structures. However, it does not contain large scale, white matter tracts which also sustain damage, particularly after acceleration-induced head injuries. Future studies could attempt to culture other regions of the brain in an effort to maintain white matter tracts in vitro. In addition, a significant criticism of all animal-based research is that the rat tissue may or may not behave in a similar manner as human tissue.
Other researchers have successfully cultured human CNS tissue; therefore, it is theoretically possible to subject human tissue to identical strain histories to determine if its response is the same as that of rat tissue (Lyman et al., 1992) .
Several strategies have been employed in the past to determine tolerance criteria for brain injury. One strategy has used physical models (Meaney and Thibault, 1990; Margulies et al., 1990; Margulies and Thibault, 1992) whereas another has used computational models (Ueno et al., 1995; Zhou et al., 1995; Claessens et al., 1997; Bandak and Eppinger, 1994) , both of which produce tolerances in terms of tissue deformations. However, model validation remains a significant challenge (Al Bsharat et al., 1999) . In general, these studies have suggested that a tolerance criteria lies between 10 -50% strain applied with strain rates from 10 to 50 s -1 .
Developing tissue level tolerance criteria in animal models of TBI remains a significant challenge. Bain and Meaney developed strain tolerance criteria for the optic nerve of guinea pigs by applying a controlled displacement to the ocular globe (Bain and Meaney, 2000) . Injury was assessed functionally with evoked responses and histologically with antibodies to neurofilament. Using the average gauge length determined from a subset of exposed optic nerves, they concluded that functional impairment occurred at a threshold of 0.18 Lagrangian strain and morphological damage occurred at 0.21 (Bain et al., 2001; Bain and Meaney, 2000) . Shreiber et al. have developed a model of contusion in the rat which was combined with a validated finite element model (Shreiber et al., 1997 ). An element by element analysis between the computational output and histological sections predicted an injury criterion of 0.19 logarithmic strain.
Several in vitro models of TBI have been developed to study the response of cells to mechanical stimuli. A device developed by LaPlaca and Thibault (LaPlaca et al., 1997) adapted a parallel plate viscometer to induce fluid shear above cultured cells. Another class of device induced loading by deformation of the culture substrate (Ellis et al., 1995; Cargill and Thibault, 1996; Morrison III et al., 1998a; Smith et al., 1999b; Geddes and Cargill, 2001) .
Taken together, these studies critically demonstrated that cell response was dependent on the parameters of the primary mechanical input and that the biological response could be graded.
Efforts to refine and improve the substrate strain models have continued, and the model presented here and that of Geddes and Cargill employed a hollow cylindrical indenter to stretch the culture substrate (Geddes and Cargill, 2001 ). The applied strain field generated in the substrate was homogenous across the radius of the substrate (FIGURE 7), and the membrane remained in a plane of focus during the injury event.
The device of Geddes and Cargill was capable of generating strains up to 30% at strain rates up to 10 s -1 , and more importantly, varying the two independently of each other (Geddes and Cargill, 2001) . They found that, for a stimulus of 0.30 Lagrangian strain, increasing the strain rate from 1 to 10 s -1 increased the peak calcium response by more than a factor of 10 suggesting that an interaction between strain and strain rate may exist for other biological responses as well. We used our device to investigate the occurrence of cell death after more severe injuries with Lagrangian strains up to 0.50 at strain rates up to 50 s -1 . We found a similar interaction between strain and strain rate such that injuries at the higher strain rates were responsible for greater cell death.
Our studies demonstrated that dynamic deformations of the cultured tissue resulted in delayed PI uptake which was dependent on both the magnitude of the substrate strain and the strain rate. This delayed time course suggests that cells were not ripped apart by the mechanical injury, but that the injury initiated cellular cascades which were responsible for subsequent cell damage. Very little damage was caused by substrate Lagrangian strains of less than 0.10 at 5, 10, 20 or 50 s -1 strain rates suggesting that a tissue strain of 0.10 may be below the tolerance threshold regardless of the rate at which it is applied. A strain of 0.20 induced an intermediate level of injury resulting in a differential response over time depending on the strain rate. At 10 s -1 , some of the inflicted damage may have been temporary and showed a slight decrease at the later t ime point, whereas at the higher strain rate, the damage increased slightly with time. This result suggests that a tissue Lagrangian strain of 0.20 may represent a transition between non-injurious and injurious loads dependent on the onset rate of that deformation. With the current data, this transition lies between 10 and 50 s -1 . The exact transition will be determined in future experiments.
The responses of groups injured with a Lagrangian substrate strain of 0.35 and 0.50 were similar in that the time course of PI staining was dependent on the rate at which the strain was applied. When the deformation was applied at 10 s -1 , PI staining was maximal at 2d post-injury and decreased to a nonsignificant level by 4d. If however, the deformation was applied at either 20 or 50 s -1 , the PI staining was minimal at 2d post-injury and increased to a significant level by 4d. The data suggests that there is a transition between one response and the other at a strain rate between 10 and 20 s -1
. One interpretation of the data is that PI staining at 4d represents cell death whereas a component of the PI staining at 2d represents reversible damage to plasma membranes. PI is a cell impermeable, non-fluorescent compound which becomes fluorescent upon binding to doublestranded DNA. The diffusion of PI across a cell membrane and its binding to DNA is generally interpreted as a marker of cell death. Strictly interpreted, PI fluorescence indicates only that the plasma membrane of a cell has become compromised to such an extent that PI can enter. Therefore this early staining may be indicative of cellular injury which was subsequently repaired within 4d.
A similar decrease of PI staining over time has been documented previously and attributed to cellular recovery and repair (Ellis et al., 1995) . In a similar manner, mitochondria energy metabolism is initially depressed immediately after stretch injury and recovers over time (Ahmed et al., 2000) . As the strain rate increases from 10 to 20 s -1 at strains of 0.35 and 0.50, we hypothesize that this cell injury transitions from a repairable insult into a more long lasting damage or, perhaps, permanent cell death. In contrast, mechanical stimuli of the same magnitude applied at 20 and 50 s -1 cause permanent cell damage and possibly cell death.
However, such an interpretation does not fully explain the lack of damage at early time points after high strain rate injury. Further experiments are necessary to explain these f indings, in particular, to determine if a transitional response exists at intermediate strain rates. Experiments are ongoing to complete the missing combinations in the strain-strain rate matrix in TABLE 4. In addition, future experiments will attempt to identify the exact nature of the damage inflicted on the cells and verify the identity of the injured cells.
We have found that our in vitro model of TBI reproduces the histological hallmark of traumatic axonal injury and hence its clinical manifestation, diffuse axonal injury.
After injuries of 0.50 Lagrangian strain at both 20 and 50 s -1 , APP accumulated with a morphology similar to that seen in animal models of TBI including staining of somata, isolated swelling, as well as linked chains of swellings (Singleton et al., 2002) .
The organotypic brain slice culture preparation utilized for our studies offers several advantages over other in vitro preparations such as primary cell cultures which have been mechanically or enzymatically dissociated. An organotypic brain slice culture preparation presents an attractive alternative which maintains the morphological organization of the tissue, anatomical structures, as well as the local interconnections between cell types in a three dimensional matrix. This heterogeneous population of n eurons, astrocytes, and oligodendrocytes allows for realistic interactions between different cell types, thereby increasing the likelihood that the response of the tissue to a precisely controlled injury will mimic the clinical situation. The development of an in vitro approach offers several other advantages including increased access to the tissue, control over the extracellular environment, and the ability to make repeated measurements in the same sample to track the temporal response to injury.
CONCLUSION
Understanding the relationship between mechanical stimuli and the resultant biological response of brain tissue remains a significant challenge, particularly under the dynamic loading conditions of TBI. To study this relationship, we have developed an in vitro injury model which was demonstrated to possess several key features:
• Compatibility with living brain tissue • Maintenance of tissue sterility for long-term studies • A h ighly reproducible applied mechanical stimulus • A mechanical stimulus relevant to TBI • Independent specification of strain and strain rate through active feedback control • Compatibility with high speed video verification of applied tissue deformations
We have used this model to examine the relationship between injury biomechanics and delayed cell death which may represent a useful and stringent tolerance criterion compatible with finite element models of TBI. We conclude that:
• Cell injury is dependent on the magnitude and rate of application of tissue deformation.
• Mechanical deformations ≤ 0.10 Lagrangian strain are not injurious when applied at 5, 10, 20, or 50 s -1 .
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